assemblages on the seafloor are correlated to the hydrographic conditions of the overlying surface ocean layer. A new technique to reconstruct past tropical Atlantic (20øN to 20øS) photic zone hydrography and surface wind field uses faunal assemblage data from deep-sea cores. Planktonic foraminifera abundances in core tops correlate with observations of modern photic zone hydrography defined here as seasonal temperature variation and mixed layer depth. The hydrography is mathematically described using empirical orthogonal function (EOF) analysis of annual temperature range as a function of depth. Factor analysis of 29 species of planktonic foraminifera from 118 core tops produces three factors. The factors correlate to mixed layer depth and the two EOF modes. The ocean model of the Atlantic ocean produces similar map patterns of the EOF modes. Therefore the Copyright 1990 by the American Geophysical Union.
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0883-8305/90/90PA-00484510.00 model can be used to simulate hydrographic changes to compare with faunal predicted past hydrographic changes. Since the ocean model is wind driven, this approach provides a way of evaluating the validity of estimates of past wind stress changes and the contribution of these changes to the faunal changes in the past. A double wind stress run indicates that the central and eastern equatorial and southeast regions of the study area are most sensitive to wind stress increases. Factor analysis of the foraminifera abundances from the last glacial maximum (LGM) shows that species associations change downcore and demonstrates how the methods developed in this study can be applied. Comparison of the double wind stress experiment and the LGM faunal changes indicates some areas of significant agreement suggesting that faunal changes may reflect thermocline su'ucmre response to the LGM wind field. Discrepancies may reflect the fact that uniform changes in the north and south trade wind strengths did not occur at the LGM.
INTRODUCTION
General circulation models (GCMs) predict increased northeasterly trade wind intensity and decreased southwesterly monsoonal flow in the tropical Atlantic during the last glacial maximum [Williams et al., 1974; Gates, 1976 [1983] suggest that the reversal of the trade winds at this time is responsible for the reversal of the NECC. Ship drift measurements show that the reversal occurs in winter and spring in the western Atlantic [Richardson, 1984] . Overall, the NECC flow is warm and most intense in August and October when it depresses the thermocline just north of the equator all the way across the Atlantic Ocean. The magnitude and direction of the tropical Atlantic oceanic currents as well as the upwelling of cold waters and the advection of extratropical waters can all have profound effects on the thermal structure of the water column (the depth of the mixed layer and the gradient of the thermocline) [Merle, 1983] .
Regional upwelling brings cool waters and nutrients into the photic zone making the eastern tropics a region with high surface productivity and steep thermal gradients. Upwelling is not limited to the coastal regions; upwelling causes the regional "doming" of the thermocline as well. Generally, the thermocline dips downward from east to west, with depressions in downwelling areas and doming in upwelling areas. In the east the thermocline is shallow and steep, and in the west the mixed layer is deep and the thermocline is below the photic zone. Variations in the strength of the trade winds control the observed spatial and temporal variations in upwelling and downwelling intensity and therefore in the depth of the thermocline and mixed layer.
There have been a number of projects designed to Typically, certain species are found in greatest abundance in the mixed layer, and some are found in the subsurface thermocline where primary productivity is at a maximum. Figure 1 shows species abundances from plankton tows in the eastern tropical Atlantic, confuming vertical distribution patterns first measured in the eastern tropical Pacific [Fairbanks et al., 1982; Curry et al., 1983] . These studies, which demonstrate that in the tropics depth-stratified planktonic foraminifera species can be used to monitor surface layer hydrography, are the basis for the method used in this study and provide insight for the interpretation of the results of the core top factor analysis.
In order to correlate hydrography to the core top foraminifera faunal assemblages, the seasonal hydrography was reduced to three hydrographic "modes" (Figure 2) , and the relative abundances of 29 species of planktonic foraminifera from 118 core tops from between 20øN and 20øS were reduced to three factors using factor analysis. 104 core tops are from Prell's [ 1985] compilation of the CLIMAP calibration data set, and the remaining 14 core top abundances are from a study by Mix [ 1985] . Scores for three factors were calculated from the core top abundance data. The core top factor loadings were then correlated to hydrographic parameters discussed below.
EOF Analysis of Hydrography
The hydrography of the tropical Atlantic (20øN to 20øS) was characterized using monthly temperature observations [Levitus, 1982] 
Factor Analysis of Foraminifera
The planktonic foraminifera relative abundance data were reduced using Q-mode factor analysis with varimax rotation. 89% of the variance of the abundance data can be explained by three factors.
The fourth highest eigenvalue indicates that a fourth factor would increase the total variance explained by only 3%. Species scores for the three factors are listed in Table 1 .
Species scores for factor 1 are highest for Globigerinoides ruber (white variety), There is also a fairly good correlation between the seasonal succession faunal factor and seasonal minimum sea surface temperature (Figure 9c) . However, the fact that G. ruber has significant score weightings in the seasonal succession faunal factor indicates that this factor is more closely related to seasonality than to minimum sea surface temperature in the modem tropical Atlantic. In addition, it is important to consider in paleo-reconstmctions that G. infiata grows below the surface in some regions of the tropical Atlantic (Figure 1 ).
Correlation Between the Thermocline Factor and EOF Mode 2
The thermocline faunal factor is a good indication of thermocline depth and subsurface seasonality. 
Testing the Correlations
In order to test the correlations described above, they are recalculated using 1/3 of the core top data set, and the calibration to the hydrographic parameters is tested on the remaining 2/3 of the data set. For the calibration between mixed layer factor and mixed layer depth, the residuals (predicted mixed layer depth minus observed mixed layer depth) have a standard deviation of 10.7 m. The residuals produced by using the thermocline plus the seasonal succession factors to calculate mixed layer depth has a standard deviation of 10. [Garzoli and Philander, 1985; Richardson and Philander, 1987] . Below, the photic zone temperature output from the standard model run is compared to observations compiled by Levitus [ 1982] in terms of the three hydrographic parameters discussed earlier (mixed layer depth, the high seasonality EOF mode, and the shallow thermocline EOF mode). Changes in the map patterns of these parameters due' to doubling the wind stress show which areas are most likely to show faunal assemblage changes due to increasing wind strength.
For the standard wind stress run used in this study, the initial conditions are zero currents and climatological temperature and salinity fields of January [Levitus, 1982] . The model was forced by the observed wind field compiled by Hellerman and Rosenstein [1983] . A 40-min time step was used, with seasonal equilibrium reached in 2 years. The standard model run output described below is from the third year. In the model, the highest amplitude factors of the shallow thermocline hydrographic mode occurs along and just north of the equator in the eastern region of the tropical Atlantic (Figure 13 ). This map pattern is generally in agreement with the observations (Figure 5 ) with the exception of the very high amplitude factors in the Gulf of Guinea in the model simulation. This discrepancy can be explained by an underestimation of the observed subsurface temperature range at about 50 m due to averaging. Observed instantaneous temperature profiles from this region [Mele and Katz, 1985 ] from September and March (Figure 14) indicate that the rate of temperature change with depth at any one time is higher than the monthly average because the thermocline is not located exactly at the same depth during the same month from one year to the next. Therefore computing monthly averages effectively decreases the steepness of the thermocline and the subsurface temperature range. In this case, the model provides a more accurate estimate of subsurface temperature gradients than does the averaged observations. Any other discrepancies between the model (Figure 13 ) and the observations ( Figure 5 ) are comparable to the standard deviation of the residuals produced by the faunal predicted amplitude factors.
Doubled Wind Stress Run
The double wind stress run was forced by winds with the same direction and doubled magnitude relative to the standard run. The purpose of the double wind stress run was to identify the regions most sensitive to increases in wind stress changes. The double wind stress experiment is not a realistic simulation of the last glacial maximum or of the deglaciafion and does not give us insight into changes in seasonality of the winds.
The difference between mixed layer depth predicted by the double wind stress run and the standard wind stress run is contoured in Figure 15 . The prominent increase in mixed layer depth all .i. along the equator, particularly close to the continents in both the east and the west, is caused by increased flow in the late northern hemisphere summer of the NECC. With doubled wind magnitude in the summer, the SEC is stronger. The return flow of warm water in the late summer and early fall when the southeasterly trades begin to relax is enhanced, and the thermocline is depressed all the way across the equatorial region from west to east. The increased strength of the SEC causes the shoaling of the thermocline and the decrease in mixed layer depth in the southeast. North of about 8øN doubling the wind stress causes the mixed layer depth to decrease by about 10 m. In this region the standard model run simulates mixed layer depths that are less than observations. Therefore it is possible that in addition to problems with the parameterization of mixing processes, the standard model wind field [Hellerman and Rosenstein, 1983 ] is stronger than reality [Richardson and Philander, 1987] assuming that foraminifera species associations are constant through time. Only about 35% of the variance of the the LGM species abundances can be explained by the core top factors calculated in this study. However, 61% of the variance in the tropical Atlantic LGM level can be explained by the revised CLIMAP Atlantic Ocean FA-20 equations used by Mix [1985] . This may indicate that factors calculated from a larger region than 20øN to 20øS may prove to be more robust. Nevertheless, it is important to consider the unique hydrography of the tropics and the fact that the same species that proliferate in the surface water in the subtropics may proliferate in the subsurface in the tropics. For the purpose of detailed studies of hydrographic changes in the tropics, the faunal assemblages relationships to hydrographic parameters should be examined regionally rather than oceanwide. Although the region of this study from 20øN to 20øS covers most of the tropics, we expect that the variance explained in the LGM level by the core top factors may increase if the study area is increased in size by 5* 10 ø farther north to make the region more symmetric about the ITCZ rather than the equator.
Regardless of the area from which the factor scores are derived, the LGM faunal assemblages in the tropical Atlantic are not well represented by core top faunal scores. Factor analysis of species abundances from the LGM section of 77 cores in the tropical Atlantic does not produce factors with the same scores as the core top factors (Table 2 ). In the LGM scores,G. infiata is an important species in both the thermocline and seasonal succession factors, several important species in modem sediments are not found, and G. bulloides becomes an important species in the seasonal succession factor. Thus factor analysis can be used on the abundance data sets from past time slices to determine if species associations change through time.
Contoured maps of the three faunal factors produced by factor analysis of the LGM abundance data set are shown (Figures 18, 19 and 20 ). There is a mixed layer factor (explaining 67% of the variance) whose loadings suggest reduced mixed layer depth in the central part of the tropical Atlantic (Figure 18 ). In the second factor of the LGM analysis, like in the core top thermocline factor, species which live in the thermocline, N. dutertrei, G. infiata, and P/D 6. Factor analysis of LGM faunal abundances produces three factors that represent the three hydrographic parameters. In general, changes in the LGM factor weightings relative to the core top are in some of the same areas which are sensitive to wind stress increases. The area of largest discrepancy is east of center along the equator. Discrepancies could reflect the fact that atmospheric GCM experiments indicate that uniform changes in north and south trade wind strengths did not occur at the
LGM, or could be a result of dissolution effects.
Model runs with realistic wind fields for past times may result in more agreement between model and data in the future.
